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Abstract 


Electron  beam  (e-beam) -processed  polymer  adhesives  have  historically  performed  poorly 
compared  to  traditional  adhesive  technologies  due  to  a  lack  of  toughness  engineered  into  these 
new  types  of  adhesive  materials.  Consequently,  sequential-  and  simultaneous-interpenetrating 
polymer  networks  (seq-IPN  and  SIN)  were  developed  and  characterized.  Seq-IPN  adhesive 
pastes  demonstrated  exceptional  lap-shear  strengths  (approaching  41  MPa)  with  glass  transition 
temperatures  (Tg)  of  100-120°  C.  The  sequential  polyn^rization  proceeds  by  first  thermally 
curing  the  adhesive  to  the  green-strength.  The  cure  kinetics  for  the  C-staged  seq-IPNs  have  been 
investigated  as  a  function  of  temperature  and  cure  acceleration.  SIN  materials  are  being 
investigated  to  develop  durable  e-beam-curable  film  adhesives.  The  primary  advantage  of  SIN 
film  adhesives,  compared  to  cationic  e-beam  systems,  is  insensitivity  to  surface  contaminants 
(e.g.,  amine  and  water),  which  are  known  to  hinder  cure  in  cationic  e-beam  polymerization. 
Preliminary  results  have  shown  that  the  SIN  e-beam  adhesives  have  excellent  properties. 
Lap- shear  strengths  exceeding  27.5  MPa  with  adhesive  Tg  approaching  150°  C  have  been 
demonstrated  on  prirr^  aluminum  sul^trates.  Structural,  kinetic,  and  adhesive  performance  data 
for  both  seq-IPN  and  SIN  structural  adhesives  cured  by  e-beam  irradiation  are  presented. 
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1.  Introduction 


Electron  beam  (e-beam)  curing  of  composite  materials  is  a  process  technology  that  will 
expand  performance  potential  and  manufacturing  capability  for  thermoset  polymer  composites 
[1]  and  adhesive  bonding.  However,  the  current  state-of-the-art  (SOA)  materials  for  e-beam 
processing  do  not  achieve  certain  resin-dominated  properties  when  compared  to  autoclave-cured 
thermosets  [2].  A  new  group  of  adhesive  materials  that  obtain  excellent  mechanical  performance 
upon  e-beam  cure  has  been  developed.  These  e-beam-cinred  resins  are  designed  as 
interpenetrating  polymer  networks  (IPN)  [3].  IPNs  are  polymers  that  are  formed  from  the 
independent  polymerization  of  two  or  more  distinct  networks,  which  results  in  unique  molecular 
and  physical  microstmctures  [4].  The  final  properties  of  an  IPN  are  very  dependent  on  the 
composition  of  the  two  networks,  as  well  as  the  polymerization  mechanisms  and  kinetics  of  each 
network.  Two  routes  to  produce  radiation-curable  ff  N  materials  are  presented  in  this  work.  The 
sequentially  cured  interpenetrating  networks  (seq-ffN)  presented  here  are  first  thermally 
processed  to  polymerize  one  of  the  networks  and  form  a  template  matrix  for  the  subsequent 
e-beam  polymerization  of  the  second  network.  The  monomers  for  the  e-beam  cure  are 
unaffected  by  thermal  curing  and  result  in  a  monomer  swollen  template.  Simultaneous 
interpenetrating  networks  (SIN)  are  also  studied  in  this  work.  The  SINs  are  cured 
simultaneously  during  e-beam  dose  and  do  not  imdergo  a  thermal-staging  operations.  The 
monomers  for  the  two  networks  react  independently  through  noncompeting  mechanisms,  and  the 
kinetics  of  each  reaction  determine  the  ultimate  structure  and  properties  of  the  final  IPN 
adhesive. 

Cationic  homopolymerized  epoxy-thermosets  have  been  studied  as  potential  e-beam-curable 
adhesives  and  composite  matrix  materials  [5].  These  systems  are  brittle  [3]  and  have  not 
produced  adhesives  that  can  approach  the  properties  of  thermally  cured  epoxy  films  or  pastes. 
Various  approaches  have  been  evaluated  for  toughening  the  cationic  systems  with  moderate 
success.  Yet,  adhesive  properties  are  lacking.  One  issue  that  has  not  been  thoroughly  addressed 
is  the  toughening  mechanisms  for  these  systems.  Traditional  epoxy  systems  can  be  toughened 
by  inclusion  of  secondary  phase  materials  (rabbers,  thermoplastics).  These  approaches  are 


1 


limited  in  cationic  systems  due  to  the  different  cure  mechanisms  that  limit  phase  separation  and 
the  inability  to  use  nitrogen-containing  modifiers.  For  example,  the  traditional  use  of 
carboxy-terminated-butadicne-nitrile  (CTBN)  rubbers  in  toughened  epoxy  formulations  is  not 
possible  in  cationic  systems  since  the  radical  cation  formed  during  e-beam  processing  is 
poisoned  by  the  presence  of  lone-pair  electrons  [6]. 

An  alternative  method  of  introducing  toughness  into  the  e-beam  resins  includes  creating  an 
IPN  [7].  Toughness  can  be  improved  by  appropriate  selection  of  network  compositions  and 
polymerization  conditions.  E-beam-curable  seq-IPN  structures  have  been  evaluated  by 
Goodman  [7].  These  systems  are  comprised  of  a  thermally  curable  system  (epoxy,  urethane, 
etc.)  that  is  polymerized  in  the  presence  of  free-radical  monomers/oligomers.  After  thermally 
staging  the  system,  the  free-radical  species  are  cross-linked  using  e-beam  irradiation.  The 
epoxy-methacrylate  seq-IPN  materials  have  resulted  in  improved  resin  properties,  including 
toughness;  however,  they  stUl  do  meet  adhesive  performance  requirements. 

In  this  work,  these  seq-IPNs  are  modified  using  CTBN  and  other  elastomer  modifiers,  as  well 
as  chain  extenders,  to  increase  the  toughness  of  the  materials,  with  the  goal  of  obtaining  useful 
adhesives  for  assembly  and  repair  applications.  Specifically,  the  synthesis  and  properties  of 
elastomer-modified  seq-IPN  networks  are  described  for  simple  epoxy-amine  (EA)  and 
free-radical  methacrylate  (FRM)  chemistries  are  described.  The  development  of  network 
stmcture  during  epoxy  conversion  is  followed  by  Fouricr-transform  infrared  spectroscopy 
(FITR)  for  cure  temperatures  ranging  from  room  temperature  to  80°  C.  The  structure  of  the 
seq-IPN  and  the  elastomer-modified  seq-IPN  are  examined  using  atomic  force  microscopy 
(AFM)  and  scanning  electron  microscopy  (SEM).  Toughened  IPN  materials  are  then  formulated 
as  two-part  paste  adhesives,  and  the  performance  of  these  adhesives  is  quantified  for  a  number  of 
adherends.  Additionally,  preliminary  data  on  the  performance  of  simultaneous  IPN  film 
adhesives  cured  by  e-beam  irradiation  is  reported. 
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2.  Experimental 


2.1  Synthesis  of  Seq-IPN  and  Toughened  Seq-IPN  Materials.  The  materials  selected  for 
the  IPNs  are  DGEBA  epoxides  and  derivatives.  The  general  chemical  make-up  of  the  IPNs  is 
shown  in  Table  1.  The  seq-IPNs  are  cured  in  two  stages — a  thermal  or  room  temperature  cure  to 
C-stage  and  an  e-beam  cure — ^while  the  SINs  are  cured  by  e-beam  dose  alone.  In  seq-IPNs,  the 
epoxides  are  thermally  cured  with  a  diamine-curing  agent  (PACM)  to  form  a  template  network 
of  EA.  The  e-beam-cured  network  is  composed  of  DGEBA-type  and  hydrocarbon 
dimethacrylates.  E-beam  irradiation  induces  a  free-radical  generation  in  the  methacrylates, 
which  propagate  in  the  usual  radical  manner  producing  the  second  network  (FRM).  The  cure 
pathways  for  these  networks  are  unique  and  result  in  the  formation  of  homogeneous  EA  and 
FRM  networks.  The  typical  reaction  scheme  for  formation  of  EA  by  thermal  cure  and  FRM  by 
free  radical  on  e-beam  dose  to  produce  seq-IPNs  is  sketched  in  Figure  1. 


Table  1.  Monomer  Structures  and  Chemical  Backbone  of  IPN  Formulations 
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Figure  1.  Generic  ft-oduct  Formation  in  IPN  Chemistry. 


The  SIN  materials  are  composed  of  roughly  equivalent  monomers,  with  the  exception  of  the 
CTBN.  The  catalyst  for  e-beam-induced  epoxide  curing  is  the  diaryliodonium 
hexaflouroantimonate  (DPI-1)  monomer. 

A  bifunctional  coupling  additive  was  synthesized  in  house  to  promote  bonding  of  the  two 
independent  networks  of  both  types  of  IPN.  The  coupling  monomer  (B-DGEBA)  was 
synthesized  by  partial  methacrylation  of  diepoxide  using  methacrylic  acid  and  a  catalyst  [8].  The 
degree  of  coupling  between  homopolymer  networics  in  the  IPNs  can  be  controlled  by  varying  the 
concentration  of  the  bifunctional  monomer  in  the  blend. 

Turbidity  measmrements  were  used  to  construct  a  phase  diagram  for  the  elastomer-modified 
seq-IPN  materials.  For  maximum  toughness  and  minimum  impact  on  modulus  and  Tg  of  the 
network,  two-phase  materials  are  desired  [9].  Figure  2  shows  the  epoxy,  methacrylate,  and 
elastomer  ternary-phase  diagram  and  indicates  a  window  in  which  phase  separation  occurs. 
Adhesive  formulations  were  derived  from  those  compositions  that  provided  phase  separation  of 
the  rubber  domains.  The  phase  separation  of  the  elastomer  is  further  discussed  in  a  later  section. 


2.2  Kinetics  of  Cure  for  Seq-BPNs.  The  cure  kinetics  for  a  down-selected  seq-IPN  system 
and  a  model  system  were  characterized  using  FTIR  spectroscopy  for  real-time  cure  analysis 
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Figure  2.  Phase  Diagram  for  IPN  Blends  Cured  to  C-Stage  at  50°  C  for  24  hr. 


during  the  C-stage  development.  Mixed-monomer  IPNs  can  produce  complex  chemistries  on 
curing.  Thus,  the  cure  mechanisms  for  the  seq-IPN  adhesive  were  evaluated  using  FTIR  to  track 
cross  reactions  as  a  function  of  the  cure  temperature.  The  resulting  conversion  vs.  time  profiles 
for  ADEPOl  at  various  cure-temperatures  for  the  C-stage  resin  is  shown  in  Figure  3. 


In  all  cases,  the  conversion  to  C-stage  of  the  epoxide  monomers  in  the  IPN  blend  is  complete 
for  all  cure  temperatures  above  the  vitrification  point  (Tv  “  36°  C)  of  the  formed  C-stage.  The 
higher  the  temperature  above  the  C-stage  vitrification,  the  faster  the  cure  rates.  However, 
high-temperature  cure  can  also  result  in  increased  occurrence  of  amine-methacrylate  side 
reactions,  which  can  diminish  the  network  performance  (thermally  and  mechanically).  In  our 
experiments,  side  reactions  were  not  observed  for  cure  tempeatures  below  100°  C. 
Consequently,  the  reaction  scheme  for  seq-IPN  formation  is  simple  enough  to  facilitate  the  use 
of  these  materials  for  composite  repair  and  field  tests. 


Additionally,  the  IPN  can  be  processed  rapidly  and  at  low  temperatures  by  the  addition  of  a 
catalyst.  Figure  4  shows  the  impact  of  catalyst  on  the  cure  time  for  ADEPOl.  A  few  parts  per 
hundred  of  catalyst  can  increase  adhesive  cure  at  50°  C  to  rates  equivalent  to  80°  C  cure 
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Time  (min) 

Figure  3.  Reaction  Progression  as  a  Function  of  Cure  Temperature  for  C-Stage  Formation 
in  BPN  Monitored  by  FTIR. 
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Figure  4.  Cure  Profile  Comparison  for  IPN  With  Catalyst  to  50®  C  and  80®  C  Uncatalyzed 
Reaction. 


6 


reactions.  The  most  significant  limitation  to  catalyzed  cure  is  the  onset  of  the  vitrification. 
Thus,  accelerated  cure  was  not  evaluated  at  room  temperature  for  this  material. 

Due  to  the  rapid  cure  rate  of  materials  under  e-beam  processing,  cure  progression  of  the 
materials  during  e-beam  processing  is  not  monitored.  Therefore,  only  final  conversions  for  e- 
beam  materials  are  presented.  The  FRM  network  is  unaffected  by  thermal  curing  but  reacts 
completely  on  e-beam  processing.  The  extent  of  conversion  of  FRM  during  e-beam  processing 
is  95%  based  on  calibrated  FTIR  analysis. 

2.3  Structure  of  Seq-IPN  and  Toughened  Seq-IPN  Materials.  PNs  are  frequently 
observed  to  phase-  or  microphase-separate  during  polymerization,  which  greatly  influences 
material  properties.  The  order  of  the  reactions,  their  rate,  and  the  miscibility  of  the  two  networks 
with  one  another  lead  to  a  number  of  interesting  multiphase  morphologies  and  properties.  Upon 
complete  reaction  of  the  EA  system,  the  methacrylates  are  polymerized  using  e-beam  irradiation. 

The  materials  that  were  investigated  exhibited  excellent  toughness  without  substantial 
modification  using  rubbers  or  CTBNs.  The  toughness  of  the  epoxy-methacrylate  IPN  was  nearly 
double  the  values  exhibited  for  each  network  by  itself  [10].  The  increase  of  toughness  can  be 
attributed  to  the  microphase  morphology  that  was  characterized  using  AFM.  Figure  5  shows  an 
AFM  image  of  the  IPN  microstructure.  The  small  domain  size  permits  significant  interactions 
between  the  two  network  structures  and  results  in  increased  toughness  with  maintained 
thermomechanical  properties.  The  toughness  of  these  IPNs  can  be  further  increased  by  the 
incorporation  of  the  CTBN  elastomers.  Improved  toughness  of  the  virgin  resins  by  100%  was 
accomplished  by  the  addition  of  CTBN  toughening  additives  to  the  baseline  IPN  material.  The 
phase-separated  morphology  that  accompanies  this  strategy  is  shown  in  the  AFM  in  Figure  6  and 
the  SEM  in  Figure  7.  The  discontinuous  particles  are  a  CTBN-rich  phase  that  has  precipitated 
dining  the  thermal  cure  process.  No  such  phase  separation  is  observed  for  compositions  that 
reside  outside  the  phase  envelope  shown  in  Figure  2.  A  complementary  SEM  micrograph  of  a 
toughened  IPN  fracture  surface  is  displayed  in  Figure  7.  This  picture  reveals  cavitation  around 
each  of  the  particles,  which  is  consistent  with  a  proposed  toughening  mechanism  for 
elastomer-modified  thermosets  [11]. 


7 


Figure  5.  Microphase  Structure  in  Unmodified  Epoxy-Methacrylate  IPN  Materials  as 
Revealed  by  AFM. 


Figure  6.  AFM  Image  Showing  the  Two-Phase  Microstructure  in  CTBN-Modified 
Epoxy-Methacrylate  DPNs. 
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Figure  7.  SEM  Image  That  Shows  the  Two-Phase  Microstructure  in  CTBN-Modified  BPNs. 


2.4  Mechanical  Performance  of  BPN-Based  E-Beam  Adhesives.  The  mechanical 
performance  of  the  IPNs,  formulated  as  an  adhesive,  was  determined  in  initial  testing  by 
adhesive  lap  shear  strength  measurements  (ASTM  D1002)  [12].  The  results  from  early  testing  of 
the  adhesives  in  this  report  are  shown  in  Table  2. 

The  LSS  results  are  reported  for  room-temperature  tests  on  all  the  materials  and  from 
elevated  temperature  analysis  for  a  toughened  adhesive  paste.  The  effect  of  toughening  the  IPN 
mfltftriak  using  typical  epoxy-network  toughness  schemes  is  evident  by  comparison  of  LSS 
performance  between  ADEPOO,  the  untoughened  IPN,  and  ADEPOl.  The  insertion  of  rubber 
particles  into  the  matrix  by  process-induced  phase  separation  of  an  epoxy-terminated  rubber 
(ETBN)  results  in  a  two-fold  increase  in  LSS,  while  thermal  performance  is  equivalent  to  the 
nonmodified  system.  One  can  attribute  the  improved  performance  to  the  invocation  of  alternate 
energy  absorbing  modes  introduced  into  the  matrix,  including  shear  banding  and  rubber 
cavitation  [13].  These  modes  are  evident  by  observing  the  fracture  surface  of  the  adhesive  by 
SEM  shown  in  Figure  7.  The  results  in  Table  2  also  demonstrate  that  the  proper  design  of 


Table  2.  LSS  and  Tg  Comparisons  for  Seq-IPN  and  Commercial  Adhesives 


Substrate  and 
Surface  Preparation 

Test 

Temp 

(°C) 

ADEPOO 
Avg.  ±  std 
(MPa) 

ADEPOl 
Avg.  ±  std 
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JCATl  Avg. 
±  std 
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17.9 

3501-6 

25 

NT 
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Paste 

Paste 
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IPN  adhesive  materials  for  e-beam  cure  can  result  in  high-performance  adhesive  properties. 
Although  this  study  targets  moderate  thermal  performances  (Tg  >  1 10°  C)  pastes,  the  LSS  of  the 
ADEPOl  is  comparable  to  commercially  available  film  adhesives  such  as  Cytec’s  FM73  on  both 
composite  and  aluminum  adherends.  Based  upon  the  performance  of  this  model  system,  the 
ADEPOl  paste  chemistry  was  selected  for  additional  testing  and  adhesive  formulation 
modification  by  Scientific  Research  Laboratories  (SRL)  to  explore  the  impact  of  filler  additives 
on  the  adhesive  performance.  SRL  reported  the  results  of  these  filler  studies  [14]. 

The  SIN  adhesives  have  just  entered  development.  Initial  formulation  of  SINs  resulted  in  the 
JCATl  adhesive  for  film  applications.  Formulation  of  JCATl  includes  the  DPI-1  cationic 
initiator.  Consequently,  the  JCATl  series  is  subject  to  typical  poisonings  associated  with 
cationic-cured  materials.  However,  the  JCATl  bonding  performance  on  BR127  primer,  a 
common  amine-based  primer,  was  evaluated  and  achieved  surprising  results.  The  final  SIN  that 
was  produced  possessed  a  relatively  high  Tg  material,  with  respectable  room-temperature  LSS 
performance.  These  results  are  also  presented  in  Table  2. 
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Although  SIN  development  is  underway,  it  appears  that  SIN  adhesives  can  dramatically 
improve  the  stability  of  the  film  adhesives  and  improve  the  resistance  to  catalyst  poisoning 
associated  with  cationic  systems  presented  previously. 

3.  Conclusions 

The  development  of  e-beam  processible  adhesives  demands  a  novel  approach  to  designing 
adhesive  materials,  including  the  development  of  new  materials  technologies  for  advanced 
applications.  By  pursuing  e-beam  materials  developments  for  ground  vehicle  applications,  the 
strict  performance  criteria  associated  with  aerospace  applications  is  avoided.  The  Army  has 
demonstrated  that  e-beam  processible  adhesives  can  be  developed,  which  provide  excellent  LSS 
performance.  These  high-performance  materials,  which  will  adequately  meet  many  military 
requirements  for  composite  and  adhesive  specifications,  provide  a  positive  framework  jfrom 
which  out-of-autoclave  processing  technology  can  proceed. 
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45433-7718 

2  AFRL 

F  ABRAMS 

J  BROWN 

BLDG  653 

2977PSTSTE6 

WRIGHT  PATTERSON  AFB  OH 

45433-7739 

1  AFRL  MLS  OL 

L  COULTER 
7278  4TH  ST 
BLDG  100  BAY  D 
HILL  AFB  UT  84056-5205 

1  OSD 

JOINT  CCD  TEST  FORCE 
OSDJCCD 
R  WILLIAMS 
3909  HALLS  ffiRRY  RD 
VICKSBURG  MS  29180-6199 

1  DEFENSE  NUCLEAR  AGENCY 

INNOVATIVE  CONCEPTS  DIV 
6801  TELEGRAPHED 
ALEXANDRIA  VA  22310-3398 

1  WATERWAYS  EXPERIMENT 

D SCOTT 

3909  HALLS  EERRY  RD  SC  C 
VICKSBURG  MS  39180 

3  DARPA 

M  VANFOSSEN 
SWAX 

L  CHRISTODOULOU 
3701  N  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 
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NO.  OF 

COPES  ORGANIZATION 


NO.  OF 

COPES  ORGANIZATION 


2  SERDP  PROGRAM  OFC 

PMP2 

C  PELLERIN 
B  SMITH 

901  N  STUART  ST  STE  303 
ARLINGTON  VA  22203 

1  FAA 

MEHDBK  17  CHAIR 
L  ECEWICZ 
1601  LIND  AVE  SW 
ANM115N 
RENTON  VA  98055 

2  FAA 

TECH  CENTER 
DOPLINGERAAR431 
P  SHYPRYKE  VICH  AAR  43 1 
ATLANTIC  CITY  NJ  08405 

1  US  DEPT  OF  ENERGY 

OFC  OF  ENVIRONMENTAL 
MANAGEMENT 
P  RTTZCOVAN 
19901  GERMANTOWN  RD 
GERMANTOWN  MD  20874-1928 

1  DIRECTOR 

LLNL 

FADDESSIMSB216 

PO  BOX  1633 

LOS  ALAMOS  NM  87545 

5  DIRECTOR 

LLNL 

R  CHRISTENSEN 
S  DETERESA 
F  MAGNESS 
M  FINGER  MS  313 
M  MURPHY  L  282 
PO  BOX  808 
LIVERMORE  CA  94550 

1  OAK  RIDGE  NATIONAL 

LABORATORY 
RM  DAVIS 
PO  BOX  2008 

OAK  RIDGE  TN  37831-6195 


7  NIST 

RPARNAS 
J  DUNKERS 

M  VANLANDINGHAM  MS  8621 
J  CHIN  MS  8621 
DHUNSTONMS  8543 
J  MARTIN  MS  8621 
DDUTHINHMS8611 
100  BUREAU  DR 
GAITHERSBURG  MD  20899 

1  OAK  RIDGE  NATIONAL 

LABORATORY 
CEBERLEMS8048 
PO  BOX  2009 
OAK  RIDGE  TN  37831 

1  OAK  RIDGE  NATIONAL 

LABORATORY 
CD  WARREN  MS  8039 
PO  BOX  2009 
OAK  RIDGE  TN  37922 

1  LOCKHEED  MARTIN  MISSILES 

&  FIRE  CONTROL 
R TAYLOR 

PO  BOX  650003  M  S  WT  93 
DALLAS  TX  75265-0003 

1  HYDROGEOLOGIC  INC 

SERDP  ESTCPSPT  OFC 
S  WALSH 

1 155  HERNDON  PKWY  STE  900 
HERNDON  VA  20170 

4  DIRECTOR 

SANDIA  NATIONAL  LABS 
APPLIED  MECHANICS  DEPT 
DIV  8241 
WKAWAHARA 
KPERANO 
D  DAWSON 
PNIELAN 
PO  BOX  969 

LIVERMORE  CA  94550-0096 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 
COPIES 


ORGANIZATION 


3  NASA  LANGLEY  RSCH  CTR 

AMSRLVS 
WELBERMS266 
F  BARTLETT  JR  MS  266 
G  FARLEY  MS  266 
HAMPTON  VA  23681-0001 

1  NASA  LANGLEY  RSCH  CTR 

T  GATES  MS  188E 
HAMPTON  VA  23661-3400 

1  USDOT  FEDERAL  RAILRD 

M  FATEH  RDV  31 
WASHINGTON  DC  20590 

1  DOTFHWA 

J  SCALZI 

400  SEVENTH  ST  SW 
3203  HNG  32 
WASHINGTON  DC  20590 

1  FHWA 

EMUNLEY 

6300  GEORGETOWN  PIKE 
MCLEAN  VA  22101 

1  CENTRAL  INTLLGNC  AGNCY 

OTI WDAG  GT 
WLWALTMAN 
PO  BOX  1925 
WASHINGTON  DC  20505 

1  MARINE  CORPS  INTLLGNC  ACTVTY 

DKOSITZKE 

3300  RUSSELL  RD  STE  250 
QUANTICO  VA  22134-501 1 

1  DIRECTOR 

NATIONAL  GRND  INTLLGNC  CTR 

lANGTMT 

220  SEVENTH  ST  NE 

CHARLOTTESVILLE  VA 

22902-5396 

1  DIRECTOR 

DEFENSE  INTLLGNC  AGNCY 
TA5 

K  CRELLING 
WASHINGTON  DC  203 10 


1  GRAPHITE  MASTERS  INC 

J  WILLIS 

3815  MEDFORD  ST 

LOS  ANGELES  CA  90063-1900 

1  ADVANCED  GLASS  FIBER  YARNS 

T  COLLINS 

281  SPRING  RUN  LANE  STE  A 
DOWNINGTON  PA  19335 

1  COMPOSITE  MATERIALS  INC 

D  SHORTT 
19105  63  AVE  NE 
PO  BOX  25 

ARLINGTON  WA  98223 

1  COMPOSITE  MATERIALS  INC 

R  HOLLAND 
IIJEWELCT 
ORINDACA  94563 

1  COMPOSITE  MATERIALS  INC 
C  RILEY 

14530  S  ANSON  AVE 
SANTA  FE  SPRINGS  CA  90670 

2  COMPOSK 
D  BLAKE 
L  DIXON 

120  0  NEILL  DR 
HEBRUN  OHIO  43025 

4  CYTEC  FffiERTIE 

R DUNNE 
DKOHLI 
M  GILLIO 
RMAYHEW 
1300  REVOLUTION  ST 
HAVRE  DE  GRACE  MD  21078 

2  SIMULA 

J  COLTMAN 
RHUYETT 
10016  S51ST  ST 
PHOENIX  AZ  85044 

1  SIOUX  MFG 

BKRIEL 
PO  BOX  400 
FT  TOTTEN  ND  58335 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


2  PROTECTION  MATERIALS  INC 
M  MILLER 

FCRIULEY 
14000  NW  58  CT 
MIAMI  LAKES  FL  33014 

3  FOSTER  MILLER 
J  J  GASSNER 
MROYLANCE 
WZUKAS 

195  BEAR  HILL  RD 
WALTHAM  MA  02354-1 196 

1  ROM  DEVELOPMENT  CORE 
ROMEARA 

136  SWINEBURNE  ROW 
BRICK  MARKET  PLACE 
NEWPORT  RI 02840 

2  TEXTRON  SYSTEMS 
T FOLTZ 

M TREASURE 
201  LOWELL  ST 
WILMINGTON  MA  08870-2941 

1  IPS  GLASS 

L CARTER 
PO  BOX  260 
SLATER  RD 
SLATER  SC  29683 

1  O  GARA  HESS  &  EISENHARDT 
M  GILLESPIE 

9113  LESAINTDR 
FAIRFIELD  OH  45014 

2  MILLIKEN  RSCH  CORP 
HKUHN 

M  MACLEOD 
PO  BOX  1926 
SPARTANBURG  SC  29303 

1  CONNEAUGHT  INDUSTRIES  INC 

J SANTOS 
PO  BOX  1425 
COVENTRY  RI  02816 


1  BATTELLE 

CR  HARGREAVES 
505  KING  AVE 
COLUMBUS  OH  43201-2681 

2  BATTELLE  NATICK  OPNS 
J  CONNORS 
BHALPIN 

209  W  CENTRAL  ST  STE  302 
NATICK  MA  01760 

1  BATTELLE  NW  DOE  PNNL 

THAULMSK231 
BATTELLE  BLVD 
RICHLAND  WA  99352 

3  PACMC  NORTHWEST  LAB 
M  SMITH 

G  VAN  ARSDALE 
R  SEOPPELL 
PO  BOX  999 
RICHLAND  WA  99352 

1  ARMTEC  DEFENSE  PRODUCTS 
SDYER 

85  901  AVE  53 
PO  BOX  848 
COACHELLA  CA  92236 

2  ADVANCED  COMPOSITE 
MATERIALS  CORP 
PHOOD 

J  RHODES 

1525  S  BUNCOMBE  RD 
GREER  SC  29651-9208 

2  GLCC  INC 

JRAY 

M  BRADLEY 

103  TRADE  ZONE  DR  STE  26C 
WEST  COLUMBIA  SC  29170 

2  AMOCO  PERFORMANCE 

PRODUCTS 
MMICHNOJR 
J  BANISAUKAS 
4500  MCGINNIS  FERRY  RD 
ALPHARETTA  GA  30202-3944 
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NO.  OF 

COPES  ORGANTZATTON 


NO.  OF 
COPES 


ORGi^ZATION 


1  SAIC 

M  PALMER 

2109  AIR  PARK  RDSE 

ALBUQUERQUE  NM  87106 

1  SAIC 

G  CHRYSSOMALLIS 
3800  W  80TH  ST  STE  1090 
BLOOMINGTON  MN  5543 1 

1  AAI  CORPORATION 

T  G  STASTNY 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

1  JOHN  HEBERT 

PO  BOX  1072 

HUNT  VALLEY  MD  21030-0126 

1  APPLED  COMPOSITES 

W  GRISCH 

333  NORTH  SIXTH  ST 
ST  CHARLES  E  60174 

1 2  ALLIANT  TECHS  YSTEMS  INC 

CCANDLAND 
CAAKHUS 
R  BECKER 
BSEE 

NVLAHAKUS 
RDOHRN 
SHAGLUND 
D  FISHER 
W  WORRELL 
R  COPENHAFER 
M  HISSONG 
DKAMDAR 
600  SECOND  ST  NE 
HOPKINS  MN  55343-8367 

3  ALLIANT  TECHSYSTEMS  INC 
J  CONDON 
ELYNAM 
J GERHARD 
WVOl  16  STATE  RT  956 
PO  BOX  210 
ROCKET  CENTER  WV 
26726-0210 


1  PROECTEE  TECHNOLOGY  INC 
515  GEES  ST 

HAVRE  DE  GRACE  MD  21078 

1  CUSTOM  ANALYTICAL 
ENG  SYS  INC 

A  ALEXANDER 
13000  TENSOR  LANE  NE 
FLINTSTONEMD  21530 

2  LORAL  VOUGHT  SYSTEMS 
G  JACKSON 

KCOOK 

1701  W  MARSHALL  DR 
GRAND  PRAIRE  TX  75051 

5  AEROETGENCORP 

DPELASCH 
T  COULTER 
CFLYNN 
DRUBAREZUL 
M  GREINER 

1 100  WEST  HOLLYVALE  ST 
AZUSA  CA  91702-0296 

3  HEXCEL  INC 
RBOE 

FPOUCELLI 
JPOESCH 
PO  BOX  98 
MAGNA  UT  84044 

3  HERCULES  INC 

HERCULES  PLAZA 
WEMINGTON  DE  19894 

1  BRIGS  COMPANY 

JBACKOFEN 
2668  PETERBOROUGH  ST 
HERNDON  VA  22071-2443 

1  ZERNOW  TECHNICAL  SERVICES 

LZERNOW 

425  W  BONITA  AVE  STE  208 
SAN  DIMAS  CA  91773 
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NO.  OF 

COPIES  ORGANTZATTON 


NO.  OF 

COPIES  ORGANIZATION 


2  OLIN  CORPORATION 

FLINCHBAUGHDIV 
E  STEINER 
B  STEWART 
POBOX  127 
RED  LION  PA  17356 

1  OLIN  CORPORATION 

L  WHITMORE 
10101  NINTH  ST  NORTH 
ST  PETERSBURG  FL  33702 

5  SIKORSKY  AIRCRAFT 

GJACARUSO 
T  CARSTENSAN 
BKAY 

S  GARBO  MS  S330A 
JADELMANN 
6900  MAIN  ST 
POBOX  9729 

STRATFORD  CT  06497-9729 

1  GKN  AEROSPACE 

DOLDS 

15  STERLING  DR 
WALLINGFORD  CT  06492 

1  PRATT  &  WHITNEY 

DHAMBRICK 
400  MAIN  ST  MS  114  37 
EAST  HARTFORD  CT  06108 

1  AEROSPACE  CORP 
G  HAWKINS  M4  945 

2350  E  EL  SEGUNDO  BLVD 
ELSEGUNDOCA  90245 

2  CYTEC  FIBERITE 
MLIN 

WWEB 

1440  N  KRAEMER  BLVD 
ANAHEIM  CA  92806 

1  HEXCEL 

TBITZER 

11711  DUBLIN  BLVD 
DUBLIN  CA  94568 


1  BOEING 
RBOHLMANN 

PO  BOX  516  MC  5021322 
ST  LOtriS  MO  63166-0516 

2  BOEING  DENSE  &  SPACE  GP 
W  HAMMOND 

J  RUSSELL  S  4X55 
PO  BOX  3707 
SEATTLE  WA  98124-2207 

2  BOEING  ROTORCRAFT 

PMINGURT 
P HANDEL 
800  B  PUTNAM  BLVD 
WALLINGFORD  PA  19086 

1  BOEING 

DOUGLAS  PRODUCTS  DIV 
LJ  HART  SMITH 
3855  LAKEWOOD  BLVD 
D800-0019 

LONG  BEACH  CA  90846-0001 

1  LOCKHEED  MARTIN 

S  REEVE 
8650  COBB  DR 
D73  62MZ0648 
MARIETTA  GA  30063-0648 

1  LOCKHEED  MARTIN 

SKUNK  WORKS 
D FORTNEY 
1011  LOCKHEED  WAY 
PALMDALE  CA  93599-2502 

1  LOCKHEED  MARTIN 

R  FIELDS 
1195  IRWIN  CT 
WINTER  SPRINGS  FL  32708 

1  MATERIALS  SCIENCES  CORP 

BW  ROSEN 

500  OFC  CENTER  DR  STE  250 
FT  WASHINGTON  PA  19034 
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NO.  OF 
COPIES 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  NORTHROP  GRUMMAN  CORP 
ELECTRONIC  SENSORS 

&  SYSTEMS  DIV 
E  SCHOCH  MS  V  16 
1745AW  NURSERY  RD 
LEsrrmcuM  md  21090 

2  NORTHROP  GRUMMAN 
ENVIRONMENTAL  PROGRAMS 
R  OSTERMAN 

A  YEN 

8900  E  WASHINGTON  BLVD 
PICO  RIVERA  CA  90660 

1  UDLP 

D  MARTIN 
PO  BOX  359 

SANTA  CLARA  CA  95052 

1  UDLP 

G  THOMAS 

PO  BOX  58123 

SANTA  CLARA  CA  95052 

2  UDLP 

R  BARRETT  MAIL  DROP  M53 
V  HORVATICH  MAIL  DROP  M53 
328  WBROKAWRD 
SANTA  CLARA  CA  95052-0359 

3  UDLP 

GROUND  SYSTEMS  DIVISION 
M  PEDRAZZI  MAIL  DROP  N09 
A  LEE  MAIL  DROP  Nil 
M  MACLEAN  MAIL  DROP  N06 
1205  COLEMAN  AVE 
SANTA  CLARA  CA  95052 

3  UDLP 

R  BRYNSVOLD 
P  JANKE  MS  170 
T  GIOVANETTI  MS  236 
B  VANWYKMS389 
4800  EAST  RIVER  RD 
MINNEAPOLIS  MN  55421-1498 


2  GDLS 

DREES 
MPASDC 
PO  BOX  2074 
WARREN  MI  48090-2074 

1  GDLS  DIVISION 

DBARTLE 
PO  BOX  1901 
WARREN  MI  48090 

1  GDLS 

MUSKEGON  OPERATIONS 
W  SOMMERS  IR 
76  GETTY  ST 
MUSKEGON  MI  49442 

1  GENERAL  DYNAMICS 
AMPHIBIOUS  SYS 
SURVTVABILnY  LEAD 
G  WALKER 

991  ANNAPOLIS  WAY 
WOODBRIDGE  VA  22191 

5  INST  FOR  ADVANCED 

TECH 
TKIEHNE 
HFAIR 
P  SULLIVAN 
WREINECKE 
IMCNAB 

4030  2WBRAKERLN 
AUSTIN  TX  78759 

2  CIVIL  ENGRRSCH  FOUNDATION 
PRESIDENT 

H  BERNSTEIN 
R BELLE 

1015  15TH  ST  NW  STE  600 
WASHINGTON  DC  20005 

1  ARROW  TECH  ASSO 

1233  SHELBURNE  RD  STE  D  8 
SOUTH  BURLINGTON  VT 
05403-7700 

1  REICHELBERGER 

CONSULTANT 
409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  UCLA  MANE  DEPT  ENGR IV 
HTHAHN 

LOS  ANGELES  CA  90024-1597 

2  UNTV  OF  DAYTON 
RESEARCH  INST 
RYKIM 
AKROY 

300  COLLEGE  PARK  AVE 
DAYTON  OH  45469-0168 

1  MIT 

P  LAGACE 
77  MASS  AVE 
CAMBRIDGE  MA  01887 

1  nr  RESEARCH  CENTER 

DROSE 
201  MILL  ST 
ROME  NY  13440-6916 

1  GA  TECH  RSCH  INST 

GAINST  OF  TCHNLGY 
PFRIEDERICH 
ATLANTA  GA  30392 

1  MICHIGAN  ST  UNIV 

MSM  DEPT 
RAVERILL 
3515  EB 

EAST  LANSING  MI  48824-1226 

1  UNTV  OF  KENTUCKY 

LPENN 

763  ANDERSON  HAIX 
LEXINGTON  KY  40506-0046 

1  UNIV  OF  WYOMING 

D  ADAMS 
PO  BOX  3295 
LARAMIE  WY  82071 

1  UNTVOFUTAH 

DEPTOFMECH& 
INDUSTRIAL  ENGR 
S  SWANSON 

SALT  LAKE  CITY  UT  841 12 


2  PENN  STATE  UNIV 

RMCNITT 
CBAKIS 

212  EARTH  ENGR  SCIENCES  BLDG 
UNIVERSITY  PARK  PA  16802 

1  PENN  STATE  UNIV 

R  S  ENGEL 

245  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16801 

1  PURDUE  UNTV 

SCHOOL  OF  AERO  &  ASTRO 
CTSUN 

W  LAFAYETTE  IN  47907-1282 

1  STANFORD  UNIV 

DEPT  OF  AERONAUTICS 

&AEROBALLISTICS 

STSAI 

DURANT  BLDG 
STANFORD  CA  94305 

1  UNTV  OF  DAYTON 

JMWHTTNEY 
COLLEGE  PARK  AVE 
DAYTON  OH  45469-0240 

7  UNTV  OF  DELAWARE 

CTR  FOR  COMPOSITE  MTRLS 

J  GUXESPIE 

MSANTARE 

GPALMESE 

S  YARLAGADDA 

SADVANI 

DHEIDER 

DKUKICH 

201  SPENCER  LABORATORY 
NEWARK  DE  19716 

1  UNIV  OF  ILLINOIS  AT 

URBANA  CHAMPAIGN 
NAHONAL  CENTER 
FOR  COMPOSITE 
MATERIALS  RESEARCH 
J  ECONOMY 

216  TALBOT  LABORATORY 
104  S  WRIGHT  ST 
URBANA  IL  61801 
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NO.  OF 

g-QPffiS 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


3  THEUNTVOF 

TEXAS  AT  AUSTIN 

CTR  FOR  ELECTROMECHANICS 

J  PRICE 

A  WALLS 

JKITZMILLER 

10100  BURNET  RD 

AUSTIN  TX  78758-4497 

3  VA  POLYTECHNICAL 

INST  &  STATE  UNIV 
DEPTOFESM 
MWHYER 
K  REIFSNIDER 
R  JONES 

BLACKSBURG  VA  24061-0219 

1  NORTH  CAROLINA  STATE  UNTV 

CIVIL  ENGINEERING  DEPT 
W  RASDORF 
PO  BOX  7908 
RALEIGH  NC  27696-7908 

1  UNIV  OF  MARYLAND 

DEPT  OF  AEROSPACE  ENGNRNG 
AJVIZZINI 

COLLEGE  PARK  MD  20742 

1  DREXEL  UNIV 

A  S  D  WANG 
32ND  &  CHESTNUT  ST 
PHILADELPHIA  PA  19104 

1  SOUTHWEST  RSCH  INST 

ENGR  &  MATL  SCIENCES  DIV 
JRIEGEL 

6220CULEBRARD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 


ABERDEEN  PROVING  GROUND 

1  US  ARMY  MATERIEL 

SYSTEMS  ANALYSIS 
P  DIETZ 

392  HOPKINS  RD 
AMXSY  BTD 
APG  MD  21005-5071 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 

AMSRLOPAPL 

APG  MD  21005-5066 

108  DIR  USARL 

AMSRLCI 
AMSRL  Cl  H 
WSTUREK 
AMSRL  Cl  S 
AMARK 
AMSRL  CS  lO  FI 
M  ADAMSON 
AMSRL  SLB 
J  SMITH 
AMSRL  SL  BA 
AMSRL  SL  BL 
DBELY 
R  HENRY 
AMSRL  SL  BG 
A YOUNG 
AMSRL  SL  I 
AMSRL  WMB 
A HORST 
E  SCHMIDT 
AMSRL  WM  BA 
W  DAMICO 
F BRANDON 
AMSRL  WMBC 
PPLOSTINS 
DLYON 
JNEWILL 
S  WILKERSON 
A  ZIELINSKI 
AMSRL  WMBD 
B  FORCH 
RFIFER 

RPESOE  RODRIGUEZ 
BRICE 
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NO.  OF 

COPIES  ORGANIZATION 

ABERDEEN  PROVING  GROUND  CCONTI 

AMSRLWMBE 
CLEVERITT 
DKOOKER 
AMSRLWMBR 
C  SHOEMAKER 
J  BORNSTEIN 
AMSRLWMM 
D  VIECHNICKI 
GHAGNAUER 
J  MCCAULEY 
B TANNER 
AMSRLWMMA 
RSHUFORD 
PTOUCHET 
N  BECK  TAN 
D  FLANAGAN 
LGHIORSE 
D  HARRIS 
S  MCKNIGHT 
PMOY 
S  NGYUEN 
P PATTERSON 
G  RODRIGUEZ 
ATEETS 
RYIN 

AMSRLWMMB 
BFINK 
J  BENDER 
TBLANAS 
TBOGETTI 
RBOSSOLI 
L BURTON 
KBOYD 
S  CORNELISON 
PDEHMER 
R  DOOLEY 
WDRYSDALE 
GGAZONAS 
S  GHIORSE 
D  GRANVILLE 
D  HOPKINS 
CHOPPEL 
D  HENRY 
RKASTE 
MKLUSEWrrZ 
MLEADORE 
RLIEB 


NO.  OF 

COPIES  ORGANIZATION 

ABERDEEN  PROVING  GROUND  (CONT) 

AMSRLWMMB 
ERIGAS 
J  SANDS 
D  SPAGNUOLO 
W SPURGEON 
JTZENG 
E  WETZEL 
AABRAHAMIAN 
M  BERMAN 
AFRYDMAN 
TU 

W  MCINTOSH 
E  SZYMANSKI 
AMRSLWMMC 
J BEATTY 
JSWAB 
ECHIN 

J  MONTGOMERY 
AWERECZCAK 
JLASALVIA 
J  WELLS 
AMSRLWMMD 
WROY 
S  WALSH 
AMSRLWMT 
B  BURNS 
AMSRLWMTA 
WGBLLICH 
T HAVEL 
JRUNYEON 
M  BURKINS 
EHORWATH 
B GOOCH 
WBRUCHEY 
AMSRLWMTC 
R  COATES 
AMSRLWMTD 
A  DAS  GUPTA 
THADUCH 
TMOYNIHAN 
F GREGORY 
ARAJENDRAN 
MRAFTENBERG 
MBOTELER 
TWEERASOORIYA 
DDANDEKAR 
A  DIETRICH 
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NO.  OF 

-COPIES  ORGANIZATION 

ABERDEEN  PROVING  GROUND  (CONT^ 

AMSRLWMTE 
ANIILER 
J  POWELL 
AMSRL  SS  SD 
H  WALLACE 
AMSRL  SS  SE  R 
R  CHASE 
AMSRL  SS  SE  DS 
RREY2ER 
R  ATKINSON 
AMSRL  SEL 
RWEINRAUB 
J  DESMOND 
D  WOODBURY 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  LTD 

R  MARTIN 
MERL 

TAMWORTHRD 
HERTFORD  SG13  7DG 
UK 

1  PWLAY 

SMC  SCOTLAND 

DERAROSYTH 

ROSYTH  ROYAL  DOCKYARD 

DUNFERMLINE  FIFE  KY  1 1  2XR 

UK 

1  CIVIL  AVIATION 

ADMINSTRATION 
TGOTTESMAN 
POBOX8 

BEN  GURION INTERNL  AIRPORT 
LOD  70150  ISRAEL 

1  AEROSPATIALE 

S ANDRE 

A  BTE  CC  RTE  MD132 
316  ROUTE  DE  BAYONNE 
TOULOUSE  31060 
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